I. INTRODUCTION
In the last decades, researches have shown that the sound generated by the turbulence around an airfoil represents one of the dominant sources of noise from airplanes, turbomachines, and wind farms. 1, 2 According to Brooks et al., 2 the broadband trailing-edge noise emitted by an airfoil in movement inside a fluid is the dominant component of airfoil noise. The reduction in trailing-edge noise therefore represents an important engineering challenge. With the aim of mitigating the trailing-edge noise, several studies were conducted since the 1970s, 1, [3] [4] [5] [6] [7] when the first legislations limiting noise pollution began to be issued. 8 These pioneering studies could shed light on the mechanism for the trailing-edge noise generation. In particular, it was shown that as the hydrodynamic pressure field associated with the turbulent boundary layer passes over the trailing-edge, the pressure field scatters into sound in a dipole manner. As a result, there are two possible strategies to reduce the trailing-edge noise, which are (i) changing the manner the pressure field scatters into sound and (ii) controlling the pressure field within the boundary layer upstream of the trailing-edge.
Based on this observation, a number of different trailingedge noise reduction methods were proposed over the past few decades. The majority of these studies applied passive methods, where physical and geometrical properties of the trailing-edge were altered such that it favorably affected the noise scattering mechanism. Examples of passive methods are the trailing-edge serrations, [9] [10] [11] trailing-edge brushes, 12 porous material, 13, 14 surface treatments, 15, 16 shape a) Electronic mail: m.szoke@bristol.ac.uk optimization, morphing, 17, 18 etc. Passive methods are limited to a given range of conditions, and outside of this range, they might induce undesired losses in the aerodynamic performance. Additionally, should the noise reduction requirements change during machine operation, passive methods cannot be adjusted. Active methods target the alteration of the hydrodynamic pressure field within the turbulent boundary layer upstream of the trailing-edge. It is worth highlighting that according to the present definition of active flow control methods, both open-loop and close-loop flow control methods are considered. Although the active methods have received a limited attention from the aeroacoustics community, [19] [20] [21] [22] they offer a number of positive aspects. Their advantages are that they can be adjusted to meet the actual noise reduction needs, they could produce higher levels of noise attenuation than passive methods, and they can lead to an improvement of the aerodynamic performance. However, their main drawback is that they require a supply of external energy. An effective active flow control method must reduce the hydrodynamic pressure fluctuations at the price of a low energy intake, while not altering the aerodynamic performance of the airfoil. Suction from or injection into the boundary layer can be considered as the two fundamental active methods.
Flow suction is effective in reducing the surface pressure field, but, as can be inferred from the work of Wolf et al. 19 and Sző ke and Azarpeyvand, 23 this method requires a large energy supply, and it has significant maintenance costs. On the other hand, flow injection [21] [22] [23] [24] requires a lower amount of external energy than flow suction. With the aim of minimizing the demand of external power supply, inclined transverse jets can be used in the place of uniform blowing. Sző ke and Azarpeyvand 23 recently conducted preliminary studies on the use of inclined uniform injection as an active flow control method. In their experimental investigations, 23 the authors reported that reducing the blowing angle of the uniform flow injection could lower the absorption of external energy and, at the same time, could prevent flow detachment, which could occur when applying steady blowing. It was observed that inclined transverse jets could result in a reduction in the surface pressure fluctuations, thus exhibiting potentials for aeroacoustics applications. Nonetheless, the previous studies focusing on the use of active flow control methods to mitigate the trailing-edge noise 19, 21, 22 do not clarify how the main parameters of the flow control methods affect the turbulence of the boundary layer and the associated surface pressure field. A deeper understanding of the flow structure generated when jets interact with a boundary layer is therefore necessary, with the aim of conveniently setting the flow control parameters.
The problem of a jet in a crossflow has received a significant attention in the past few years. 25, 26 Although the geometry of the problem is simple, this flow can result in a range of different complex flow structures, which were observed to change with the jet nozzle velocity, the crossflow velocity, and the jet inclination angle. In particular, two main non-dimensional parameters were observed to govern the problem, i.e., the jet velocity ratio, r, which is the ratio of the jet velocity (u jet ) to the crossflow velocity (u ∞ ), and J = jet u 2 jet / ∞ u 2 ∞ , the momentum flux ratio. In several engineering applications, jet flows can be observed to interact with a crossflow developing over a plate. Examples of this are the use of jets to cool the blades of a gas-turbine engine, or to control the levels of nitrogen oxide produced in the combustion chamber of an internal engine, or to enhance turbulent mixing. From a detailed analysis of the literature on this problem, several experimental and numerical studies were performed to mimic the engineering problem of the turbine blade cooling, with the aim of enhancing the cooling performance. [27] [28] [29] [30] In particular, low velocity ratios (r < 2) were considered for boundary layers at a laminar regime, or at a low Reynolds number. The jets were observed to form a stable fluid film over the surface to cool and to isolate the high temperature mean flow from the blades. The jet incidence angle was also investigated. [31] [32] [33] It was found that if the jet inclination angle is below 30 • , the boundary layer flow remains attached to the wall. Significant differences exist between the application of transverse jets to enhance the cooling of a turbine blade and to mitigate the trailingedge noise. In aeroacoustics, the crossflow is characterized by higher turbulence levels and larger ratios of boundary layer thickness over jet diameter. These differences make the characterisation of the flow observed in the turbine blade cooling not particularly relevant to the problem of trailing-edge noise mitigation.
Although it was developed a few decades ago, Amiet's model for the prediction of trailing-edge noise 7 is still rather popular within the aeroacoustic community. This model states that the far-field trailing-edge noise is directly proportional to two quantities involving the surface pressure fluctuations at the trailing-edge. These quantities are the power spectrum at the centerline of the trailing-edge and the integral of the spanwise coherence along the trailing-edge. Nonetheless, the effect of transverse jets on the surface pressure fluctuations has scarcely been explored. 34 Therefore, although the surface pressure fluctuations enter in the model for the prediction of trailing-edge noise, 7 their sensitivity to the transverse jets is still unknown. In the present work, we aim at investigating experimentally the hydrodynamic effects of inclined transverse jets on the boundary layer over a flat plate of finite length, for aeroacoustic purposes. Hot-wire anemometry and flush mounted microphones are used to measure the velocity and pressure fluctuations associated with the boundary layer.
The current paper is organised as follows. Section II describes the measurement conditions, the experimental setup, and the geometrical properties relevant to the experimental investigation and introduces Amiet's trailing-edge noise model, which establishes the link between the flow properties and the emitted far-field noise. Section III provides the characterisation of the flow structure, as obtained from hot-wire anemometry and microphone measurements. Once the hydrodynamic flow structure is understood, its effects on the trailing-edge noise generation are evaluated by investigating the interaction between pressure and velocity fluctuations. Flush mounted electret condenser microphones were used for the measurement of the surface pressure fluctuations. A total number of 21 pressure transducers were positioned along the streamwise and the spanwise directions and in the vicinity of the trailing-edge (see Fig. 1 ). The miniature FG-23329-P07 type Knowles microphones were calibrated prior to the measurements. Their sensitivity leads to a measurement accuracy of ±0.5 dB within the frequency range of interest (10 2 -10 4 Hz). The uncertainty of the microphones was determined based on the method of Kline and McClintock. 35 Schewe 36 reported that when the dimensionless sensing diameter of the microphones (d + = du τ /ν) exceeds d + = 19, the attenuation of the pressure signal can be corrected using the correction method proposed by Corcos, 37 based on transducer resolution. In this experimental campaign, the dimensionless sensing diameter is d + = 35; therefore, the pressure attenuation introduced by the finite extent of the microphone diaphragm was corrected using Corcos' method. 37 Additionally, the microphones were mounted below a small pinhole with a diameter of d p = 0.4 mm, which corresponds to a dimensionless pinhole diameter of 
II. EXPERIMENTAL APPROACH

A. Test rig setup and instrumentation
The preliminary hot-wire measurements confirmed that the surface discontinuity introduced by the pinholes does not affect the boundary layer.
The streamwise component of the velocity was measured with hot-wire anemometry to characterise the boundary layer flow downstream of the jet nozzles. Dantec 55P16 type singlesensor hot-wire probes were operated by a Dantec StreamWare Pro CTA91C10 module at an overheat ratio of 1.8. The diameter and the length of the hot-wire sensor used here are 5 µm and 1.25 mm, which are equivalent to 0.2 and 53 viscous units, respectively. The measurement probe was calibrated prior to the measurements on a daily basis, and its uncertainty was found to be less than 0.5% over the whole range of velocities under investigation. Data were collected by a National Instruments PXIe-4499 system, at a sampling rate of f s = 65 536 Hz (=2 16 Hz), for a time span of 16 s, at each measurement location. Data processing was performed with the use of Python's SciPy package. For the calculation of both the spectra and coherence, a digital filter was applied in order to reduce the effects of low frequency background noise. 38 Time signals were divided into smaller segments with a 50% overlapping. The length of these segments (i.e., window size, WS) was defined such that the frequency resolution of the signal was ∆f = 64 Hz with ∆f = 4f s /WS. Hamming windowing was then applied to all the segments, which was followed by the calculation of their fast Fourier transform. After the Fourier transform of each segment, the energy loss in the signal resulting from the application of Hamming windowing was compensated a posteriori, and the obtained spectra were averaged.
B. Active flow control parameters
Along the spanwise direction, a single array of inclined jets has been placed on the flat plate as the boundary layer flow manipulation method with the aim of reducing the trailingedge noise. Figure 1 gives the geometrical description of the active flow control method and provides the definition of the coordinate system. The coordinate system consists of the streamwise (x), the wall normal (y), and the spanwise (z) directions, and its origin is located at the centre of the jet nozzle at the half-span of the plate. The jet nozzles are circular in shape with a diameter of D = 4 mm and inclined by α = 15 • with respect to the x axis. The length-to-diameter ratio of the jet nozzles is l j /D = 5. The nozzles are located 30D upstream of the trailing-edge to ensure that the jets can fully develop before reaching the trailing-edge. Air to the jet nozzles was supplied using an industrial fan. The compressed air was fed into a settling chamber mounted underneath the plate, after which it was discharged through the jets. The settling chamber had also the effect of producing a steady-state flow through the jet nozzles. An inverter enabled the accurate control of the fan power, which was used to adjust the jet velocity. It is worth stressing that the proposed flow control method is based on an open-loop control. The background noise associated with the simultaneous operation of the open-jet wind tunnel facility and the industrial fan has been measured during preliminary tests. The boundary layer pressure results will be provided only when the measured pressure is at least 10 dB higher than the background noise. The jet spacing (s), i.e., the spanwise distance between the jet nozzles, is defined in terms of jet diameter D (see Fig. 1 ), and six spacings are considered in this study, namely, 1.5D, 2.0D, 2.5D, 3.0D, 3.5D, and 4.0D.
The flow control severity, σ, relates the momentum deficit of the boundary layer to the momentum of the flow control system. According to Antonia et al., 39 the level of flow control can be quantified as follows:
where u jet is the mean velocity of the jets in the nozzles, D is the jet nozzle diameter, u ∞ = 15 m/s is the free-stream flow velocity, ϕ is the porosity parameter, and finally, θ 0 is the momentum thickness of the non-disturbed boundary layer. The porosity parameter (ϕ) relates the total area occupied by the jets (nA jet ) to the overall flow control section area (bD, with b being the width of the flow control section) and can be written in the form of ϕ = A jet /(sD). The porosity is defined in the plane perpendicular to the axes of the jet nozzle (see Fig. 2 ). Substituting this expression of ϕ in Eq. (1) 
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Sző ke, Fiscaletti, and Azarpeyvand Phys. Fluids 30, 085110 (2018) study, but more detailed results and discussions will be provided for r = 0 (baseline case), r = 1 and r = 2. The flow control settings considered in the current study and the corresponding boundary layer parameters are listed in Table II .
C. Amiet's trailing-edge noise model
The proper measurement of the far-field trailing-edge noise requires the use of an anechoic wind tunnel. Nonetheless, several physical models were developed in the last few decades, 2,7,40 which establish a relationship between surface pressure fluctuations and turbulence within the flow on one side and far-field noise on the other side. Therefore, pressure and velocity measurements from conventional wind tunnels can be used as input parameters for the aforementioned models of far-field trailing-edge noise. In the current work, Amiet's model, 7 presented in the following, is used.
According to Amiet's trailing-edge model, the far-field noise (S pp ) at a far-field distance from the trailing-edge centre line of the flat plate (x, y, z = 0) can be found from (2) where f denotes the frequency, c 0 is the speed of sound,
is the convection-corrected far-field observer position, L is the length of the plate (chord), W is the width of the plate, L is the gust response transfer function, 41 and Λ z and φ pp are, respectively, the spanwise extent of the turbulent structures within the boundary layer and the power spectrum of the surface pressure fluctuations near the trailingedge. Amiet's model works under the assumption of stationary turbulence. A more detailed description and the derivation of the model are given by Amiet. 5, 7 According to Amiet's model, the product Λ z φ pp drives the generated far-field noise; therefore, the reduction in this product determines the success of a noise attenuation method. The surface pressure power spectrum (φ pp ) is directly measured in the current work, while the spanwise extent of the turbulent structures (Λ z ) can be calculated from surface pressure fluctuations as follows: 7
where γ 2 z (f , ζ) represents the spanwise cross-spectrum of surface pressure fluctuations acquired from two microphones located in the proximity to the trailing-edge, with a spanwise separation distance of ζ = ∆z. The cross-spectrum (coherence) can be interpreted as the spanwise extent of turbulent structures. In the current work, the spanwise coherence is measured at a streamwise distance of 3D upstream of the trailing-edge (see Fig. 1 ). The thickness of the plate at this location is larger than the height of the pressure transducers; therefore, they do not introduce disturbances to the flow underneath of the rig.
III. RESULTS AND DISCUSSIONS
The results obtained from the hot-wire and microphone measurements are presented and discussed in the present section. Figure 3 illustrates the three sets of measurements considered in the current study. First, the streamwise velocity was measured with hot-wire anemometry along the whole wall-normal span of the turbulent boundary layer thickness at three different streamwise locations, marked as BL2, BL3, and BL4 (see the red dashed lines in Fig. 3) . Signals from the hot-wire sensor and the microphone located at the corresponding x location were recorded simultaneously. Second, the hot-wire sensor was traversed along the x-y and y-z planes. This set of measurements enabled to observe the effect of the jets in the wall-normal direction at different streamwise and spanwise cross sections. The velocity was measured over two streamwise planes, ST1 and ST2, located at the center of a jet and half-way between two neighbouring jets, respectively (see Fig. 3 ). The y-z measurement planes are labeled in Fig. 3 with SP1, SP2, SP3, and SP4. The locations covered by the hot-wire anemometry measurements are listed in Table I . All planar measurements were restricted to the lower fifth of the wallnormal extent of the boundary layer, therefore in the region [0, 0.2δ 0 ]. In the third set of measurements, the signals from all flush mounted microphones were simultaneously recorded. This last set of measurements enabled us to calculate the spanwise coherence and the power spectral density of the surface pressure fluctuations.
A. The developing flow pattern
Based on the described sets of measurements, the developing flow pattern produced by the injection of multiple jets is examined, including its effects on the surface pressure fluctuations. Turbulence statistics such as the mean velocity (ū) and root mean square velocity (i.e., energy content, u rms ) enable us to assess the main properties of the flow. The mean and root mean square (rms) velocity results reveal the effects of the jets on the boundary layer flow. The properties of the baseline boundary layer (r = 0) are presented after discussing the hot-wire measurements along the planes ST and SP. In the following, the analysis of the flow is limited to the jet spacing of s = 2.5D, while the effect of jet spacing will be examined in Sec. III B. Figures 4 and 5 provide the contour plots of the mean (ū) and the root mean square (u rms ) velocities obtained in the planes ST1 and ST2, for both the considered velocity ratios, i.e., r = 1 and r = 2. The streamwise direction was nondimensionalized by the jet nozzle diameter (D), while the wallnormal direction was non-dimensionalized by the baseline (r = 0) boundary layer thickness (δ 0 ). The black squares on the x axis mark the edges of the jet nozzle on the plane ST1. The hot-wire probe was traversed over the ST1 and ST2 planes with streamwise and wall-normal spacings of ∆x/D = 0.25 and ∆y/δ 0 = 0.015, respectively.
The results reveal that the potential core of the jets remains in the vicinity of the wall, indicating that the jets develop in the near-wall region, regardless of the applied velocity ratio. The proximity of the jets with respect to the wall confirms that the jets do not trigger boundary layer separation, which is in agreement with the results of Taylor, 31, 32 who found that when the jet inclination angle is kept below α = 30 • , the boundary layer flow remains attached to the wall. The root mean square velocity distributions along ST1 in Fig. 5 show that the upper and the lower edges of the jets are characterised by a high energy flow content. These larger values of u rms were also reported by former studies, 34, 42, 43 where these regions of large u rms were found to be associated with the presence of intense shear. The energy content found in the upper edge of the jet is higher than the energy content obtained in the lower edge, which is consistent with the results of Pietrzyk et al. 44 The energy content of the flow structures associated with the interaction of the jet flow with the boundary layer flow decays fast with x/D, with a rate higher than that of the boundary layer. This decay in the energy content is significant as it even leads to a drop below the value obtained upstream of the jet nozzles. This observation is confirmed by comparing the u rms values for the r = 1 case, at ST1 and ST2 (see Fig. 5 ), upstream and downstream of the jet nozzles. For r = 2, a similar trend is observed as an initial increase in u rms is visible, followed by a drop. However, this decrease does not lead to u rms reaching the baseline value, even at x/D = 10. This suggests that by increasing the velocity ratio, the flow turbulence requires a longer streamwise distance to obtain a reduction in its energy content. The lower energy content observed in proximity to the wall results in lower amplitudes of the surface pressure fluctuations, which can subsequently lead to the reduction in trailing-edge noise. This is going to be further investigated in Sec. III B, following the current discussion on the turbulence statistics.
The spanwise flow patterns obtained downstream of the jet nozzles can be investigated by calculating the turbulence statistics along the spanwise planes at different streamwise locations. Figures 6 and 7 provide the contour plots of the mean (ū) and the root mean square (u rms ) streamwise velocities obtained for both velocity ratios (r = 1 and r = 2), over the SP1, SP2, SP3, and SP4 planes, located at the downstream locations of x/D = 2, 4, 14, and 30, respectively, with respect to the centre of the jet nozzles. The hot-wire probe was traversed over the planes identified with SP in Figs. 6 and 7 with a wallnormal and spanwise spacings of ∆y/δ 0 = 0.015 and ∆z/D = 0.125, respectively. In agreement with previous studies, 45 the flow patterns resulting from the jet array are not circular in shape at ST1 and ST2 but elongated along the spanwise direction. The footprints of the jets are well separated in each contour plots at SP1 and SP2 for both velocity ratios, which suggests that they are distinguishable at these two streamwise locations. The observed jet footprints cannot be clearly identified at increasing downstream locations with respect to SP2. As the individual jets merge, they form a smooth layer of low energy containing fluid below y < 0. to result in a delay in the merging of the jets. Overall, it is important to underline that these multiple jets injections have the effect of reducing the energy content within the boundary layer, as observed in Figs. 6 and 7. In order to investigate the streamwise evolution of the jets in crossflow along the wall-normal direction and to examine the effects of the jets on the turbulent boundary layer, the streamwise velocity was measured over the entire boundary layer at different streamwise locations downstream of the jet nozzles. The mean and rms velocity results are presented for r = 0, 1, and 2 in Fig. 8 at BL2, BL3, and BL4, corresponding to x/D = 4, 14, and 30, respectively. The baseline boundary layer (r = 0) is a canonical turbulent boundary layer, as confirmed by mean and rms velocity profiles (see Fig. 8 ) and by additional flow parameters such as the shape factor and skin friction coefficient that are not presented here for brevity. From the velocity profiles presented in Fig. 8 , we can observe that the jets have a localized effect on the boundary layer downstream of the jet nozzles. The effects of the jets are confined to the lower third of the boundary layer at every location under analysis, and the velocity in the upper half of the boundary layer remains unaffected by the flow control method. The potential core of the jets remains close to the wall even at x/D = 30, which results in an increase inū below 0.3δ 0 . Consistent with these observations, the boundary layer thickness (δ) is unaffected by the jets, and integral flow parameters such as the boundary layer displacement (δ * ) and the momentum thickness (θ) decrease, as presented in Table II . Additionally, the friction velocity (u τ ) grows due to the increased momentum near the wall. Moreover, from the observation of the mean velocity profiles in Fig. 8 , the jets injections do not result in boundary layer separation, which seems to suggest that the aerodynamic behavior of the flat plate is not significantly altered.
After understanding the flow pattern in proximity of the jet nozzles (Figs. 4 and 5) , the effect of the jets on the energy content of the boundary layer can be assessed using the rms velocity results in Fig. 8 . A reduction in the energy content of the flow structures is observed at BL3 for the lower velocity ratio (r = 1), while a higher energy content is measured for the higher velocity ratio at the same location. At BL4, a reduction in the energy content is observed at both blowing rates. The flow injection with a higher velocity ratio results in a more significant energy reduction at BL4 than r = 1. This reduction is significant both in terms of the magnitude and the wall-normal distance extent, and therefore, it can be considered a robust effect of the jets injection on the boundary layer flow. It can be concluded that the multiple jets produce an initial increase in the flow energy content below y = 0.2δ 0 at BL2 (x/D = 4), which drops below the baseline value farther downstream. The downstream location where this energy reduction occurs depends on the velocity ratio, r. The effect of the jets on the surface pressure fluctuations will be examined in Sec. III B.
The power spectral density (PSD) of the velocity fluctuations (φ uu , dB/Hz) enables us to examine and quantify the changes in the turbulent energy content as a function of frequency. Figure 9 presents the change that the active flow control method causes on the velocity PSD (∆φ uu = φ uu,r 0 − φ uu,r =0 ) in comparison with the baseline case at locations BL2, BL3, and BL4. Analysing these PSD differences enables us to determine which turbulent motions lose energy as a consequence of jets injections into the boundary layer. First, the lower velocity ratio (r = 1) is considered. From ∆φ uu results at BL2, the effect of the jets on the flow is represented by the low energy content in the vicinity of 0.05δ 0 at low frequencies (f < 600 Hz). This evidences a reduction in the energy content of the larger turbulent structures. A reduction observed in the area of y < 0.15δ 0 at f < 600 Hz also confirms, similarly to the u rms results, that the jets produce a reduction in the energy content in the near-wall region. On the other hand, turbulent structures within the top shear layer of the jet (y ≈ 0.075δ 0 ), as seen in Figs. 5 and 8 , cause an increase in the energy content of the flow at high frequencies. At BL2, a significant increase in the high frequency region (f > 500 Hz) can be observed at y < 0.15δ 0 , which diminishes downstream. It is worth stressing that the energy content of the velocity fluctuations is reduced over the whole frequency domain at the trailing-edge, as seen in the BL4 results. Concerning the higher jet velocity ratio (r = 2), similar observations can be made with respect to the spectra at BL2 and BL3. At BL4, an important reduction in the energy content is observed at lower frequencies (f < 1 kHz), while an increase in the spectral content occurs at frequencies f > 1 kHz.
B. The effects of jets injection on the surface pressure fluctuations
After showing how the jets alter the boundary layer and the energy content in the near-wall region, the surface pressure fluctuations are examined in this section. The root mean square of the surface pressure fluctuations (p rms ) was calculated from the pressure signals acquired at every flush mounted microphone location (see Fig. 1 ), which gives an indication of the footprint of the turbulent boundary layer on the wall. In this analysis of the pressure fluctuations, two parameters were varied, the jet spacing (s) and the velocity ratio (r). In particular, Fig. 10 shows the results of the rms pressure for a range of velocity ratios between r = 1 and r = 2 and for six different jet nozzle spacings (s = 1.5D, 2.0D, 2.5D, 3.0D, 3.5D, and 4.0D). The root mean squares of the pressure fluctuations are presented at different downstream locations. The markers between BL3 and BL4 identify the downstream position where the minimum of each curve is located. In the analysis, p rms is non-dimensionalised by the dynamic pressure of the free-stream flow, p ∞ = u 2 ∞ /2, and it is presented along the streamwise direction (x/D). Results have shown that the trend of p rms does not change significantly with the velocity ratio. The initial part of each curve has a negative slope, followed by an absolute minimum, and in the final stage, near the trailing-edge, p rms exhibits a mild increase. The observed trend can be related to both the mean velocity and the energy content results discussed in Sec. III A. Immediately downstream of the flow injection area, the jets are completely separated from each other with no significant interaction. A significant increase in p rms can be observed in this region. As seen in Figs. 6 and 7, the jets merge between BL3 and BL4 depending on the applied velocity ratio (r), and a stable layer of jet fluid develops. This stable layer is characterised by a low energy content. Once the minimum in p rms is reached, flow recovery begins, which is indicated by the positive gradient in the curves past their respective minima. It is important to FIG. 9 . Changes in the velocity power spectral density at BL2, BL3, and BL4 for velocity ratios r = 1 and r = 2 and for nozzle spacing s = 2.5D. mention that the p rms minima in Fig. 10 are observed at slightly different x locations for different velocity ratios (see markers between BL3 and BL4) as both r and s affect the development of the flow pattern. From the comparison between Figs. 7 and 10, we can notice that the minima in p rms occur at the merging location of the jets. The observed trend of p rms curves is also consistent with the u rms profiles presented in Figs. 5 and 8. In Fig. 8 in particular, it can be seen that at BL3, the injection at r = 1 produces much lower values of u rms than at r = 2. Farther downstream, however, namely, at BL4, the opposite phenomenon can be observed, and lower values of u rms are this time obtained for a velocity ratio of r = 2. This is because the minimum in the downstream evolution of both u rms and p rms tends to move downstream at an increasing velocity ratio r.
The necessary energy input to make the proposed flow control method work can be reduced by increasing the jet spacing, i.e., reducing the amount of air supplied to the system. However, increasing the distance between the jets (s) results in a mild increase in the minimum p rms . In the majority of the gas turbine blade cooling studies (see Sec. I), a jet spacing of s = 3.5D is applied to achieve a stable layer of jet fluid on the turbine blades. Nonetheless, as mentioned in Sec. I, the Reynolds number associated with the trailing-edge noise generation is significantly higher than in the case of the gas turbine blade cooling applications. Therefore, the high turbulence levels associated with aeroacoustic applications require a finer spacing of the jets to achieve significant reductions in p rms . Additionally, in order to maximize the effects of the jets on the trailing-edge noise mitigation, the location of flow control should be chosen such that p rms minimum occurs near the trailing-edge.
The surface pressure fluctuations play an important role in the far-field noise scattered by the trailing-edge. The behavior of p rms reveals the ideal streamwise location of the jet nozzles in order to maximize the favorable effects of the jets at the trailing-edge. The power spectral density of the pressure fluctuations (φ pp ) enables us to determine the frequency ranges over which the surface pressure fluctuations are reduced or increased as an effect of jets injection. The surface pressure PSD can be linked to the behavior of the turbulence intensity formerly seen in Figs. 5 and 8. In Fig. 11 , the surface pressure power spectra are presented for BL2, BL3, and BL4 for velocity ratios of r = 0, 1, and 2. The results for the r = 1 injection case will be discussed first. At location BL2, an increase in φ pp is observed for frequencies f > 500 Hz. This range overlaps with the region of the increased energy content observed in ∆φ uu at BL2 (see Fig. 9 ). At BL3, where the jet flows are expected to merge together, a surface pressure PSD reduction of up to 5 dB is observed at low frequencies (f < 1200 Hz). Further downstream at BL4, results show that the use of the r = 1 injection leads to a robust reduction in the surface pressure PSD over the entire frequency range of interest. The PSD results presented in Fig. 11 are consistent with the p rms results in Fig. 10 and the boundary layer energy content results in Figs. 8 and 9. FIG. 11. Pressure power spectral density at BL2, BL3, and BL4 and for varying velocity ratios r and for nozzle spacing s = 2.5D.
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Sző ke, Fiscaletti, and Azarpeyvand Phys. In the case of r = 2 jets injection, the boundary layer manipulation results in a significant increase in φ pp at both the BL2 and BL3 locations, which is consistent with the observations from the u rms and ∆φ uu presented in Figs. 8 and 9 . The broadband hump observed at BL2 between 1 kHz and 3 kHz is examined later in this paper when discussing the pressurevelocity cross-spectra. The pressure fluctuations at BL4 for f > 1 kHz carry a larger spectral content than the baseline case, which is consistent with ∆φ uu at the same location (see Sec. III A). From φ pp , it can be seen that the higher velocity ratio is more effective in reducing the pressure fluctuations in the low frequency region (f < 1 kHz) than the lower velocity ratio at BL4. However, as shown in Fig. 11 , the use of high-speed jets injection can lead to a noise increase at high frequencies.
As shown in Figs. 9 and 11, the application of the inclined transverse jets alters the spectral content of both pressure and velocity fluctuations. In order to examine the spectral content of the velocity-pressure interaction, the coherence (normalized cross-spectra, γ 2 pu ) was calculated between the surface pressure and velocity signals at different wall-normal locations. From a physical point of view, the velocity-pressure coherence (γ 2 pu ) represents the frequency dependent relation between the turbulent flow structures and the surface pressure fluctuations. Therefore, this quantity establishes a link between the turbulence within the boundary layer and the surface pressure fluctuations exerted on the surface of the plate.
The pressure-velocity coherence is presented for the baseline case (r = 0) in Fig. 12(b) , which provides an understanding on the contribution of the velocity fluctuations within the boundary layer to the surface pressure fluctuations. In order to identify the contribution of the different layers to φ pp , Fig. 12(a) presents the limits of the buffer, logarithmic, and wake layers for the baseline boundary layer (r = 0). As can be seen from Fig. 12(a) , a portion of the buffer layer is resolved below y + < 30 (y/δ 0 < 0.02). The logarithmic layer is located between 30 < y + < 300 (0.02 < y/δ 0 < 0.2), followed by the wake layer 300 < y + < 2000 (0.2 < y/δ 0 < 1) until the mean velocity reaches the value of the free-stream velocity. The boundary layer regions shown in Fig. 12(a) are in good agreement with the numerical data provided by Schlatter andÖrlü 46 at a similar range of Reynolds number. In general, Fig. 12(b)   FIG. 13 . Velocity-pressure crossspectra at BL2, BL3, and BL4 for velocity ratios r = 1 and r = 2 and for nozzle spacing s = 2.5D.
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Sző ke, Fiscaletti, and Azarpeyvand Phys. reveals that the nearer the turbulent structures are to the wall, the more significant effect they play on the surface pressure fluctuations exerted on the surface. A significant amount of the contribution to φ pp is originated from the velocity fluctuations below the logarithmic layer (y < 0.02δ 0 ) over the entire range of investigated frequencies; see Fig. 12 . The logarithmic layer (y ≈ 0.02 − 0.2δ 0 ) also plays a significant role in γ 2 pu at low frequencies (f < 1 kHz). Finally, the wake layer (y > 0.2δ 0 ), where larger structures are located, is associated with the lower levels of coherence at low frequencies. Figure 13 shows the changes caused to the p − u coherence map as a result of flow injection into the boundary layer at different jet velocity ratios. In the case of jets injection into the boundary layer, the flow undergoes significant changes, particularly in the near wall region (y < 0.3δ 0 ), making the presentation of the data with respect to the boundary layer regions rather difficult. Therefore, in the following discussions on the effects of the jets injection (r > 0), the changes in γ 2 pu are analyzed with respect to the baseline boundary layer regions. First, the coherence obtained from the application of the lower velocity ratio (r = 1) is discussed. The results at BL2 indicate that the buffer layer (y < 0.02δ 0 ) gives the highest contribution in terms of the velocity-pressure fluctuations. This reveals that the spectral increase formerly observed in both φ pp and ∆φ uu at high frequencies originates from the lowest portion of the boundary layer. Another area of high correlation is found at BL2 (x/D = 4), at y = 0.05δ 0 , which is bounded from both the above and below by quiet areas of communication, i.e., low γ 2 pu . Concerning the location BL3 (x/D = 14), a region of low correlation is found at around 0.1δ 0 , which separates the buffer layer and the wake layer. At BL3, the range of frequency where a low coherence was observed overlaps very well with the ranges characterised by a reduction in both φ pp and φ uu . From this, the flow control treatment seems to have the effect of cutting the communication between some coherent boundary layer structures with the surface, especially in the lower region of the boundary layer (y < 0.2δ 0 ). This mechanism contributes to the reduction in the surface pressure fluctuations. Considering the results obtained at BL4 (x/D = 30), the coherence builds up in the logarithmic layer (0.02 < y < 0.2), and γ 2 pu becomes similar to the baseline case; see Fig. 12 . This indicates that the flow recovery begins at an earlier stage than BL4, which is in agreement with the p rms results presented in Fig. 10 .
Similar observations can be made regarding the γ 2 pu results for r = 2. At location BL2, a highly correlated area can be observed at the location of the jet potential core, i.e., within y = 0.05 − 0.1δ 0 , between 1 kHz and 3 kHz. This island of high correlation reveals that the cores of the multiple jets are responsible for the hump observed in the φ pp results over the same frequency range (see Fig. 11 ). Similar to the results for the r = 1 case, the communication between the velocity and the pressure fluctuations is low in the areas adjacent to the jet core at BL2. Unlike the r = 1 case, these quiet areas of communication can still be observed at around 0.1δ 0 and 0.3δ 0 at BL4. It can therefore be concluded that jets injections at higher flow rates can lead to the suppression of the velocitypressure coherence and emergence of quiet zone within the boundary layer over a longer streamwise distance. Finally, the coherence results presented in Fig. 13 reveal that the increase in φ pp observed at high frequencies at BL4 is related to the near-wall small-scale structures as the γ 2 pu results indicate an area of high correlation at BL4 within 0 < y/δ 0 < 0.05.
According to Amiet's model (see Sec. II C), the product of the spanwise extent of the turbulent length scales (Λ z ) and the surface pressure spectra (φ pp ) drives the generation of far-field trailing-edge noise. While the pressure spectra are presented in Fig. 11 , an estimate of Λ z is missing. In order to understand how the inclined jets affect the far-field noise, their effect on the spanwise extent of the turbulent structures is investigated in the following. Amiet defined the spanwise length scale of turbulent structures, as shown in Eq. (3), where Λ z is an integral quantity of the spanwise coherence, γ 2 z , over varying separation distances ∆z. In order to examine the coherence at different ∆z, microphone signals acquired at three spanwise spacings are considered, namely, at ∆z/δ 0 = 0. x/D = 27, near the trailing-edge. An estimation of the spanwise extent of the turbulent structures within the flow (Λ z ) is presented in Fig. 15 . This estimation was obtained from Eq. (3) using the trapezoidal integration scheme to integrate the spanwise coherence (γ 2 z ). The spanwise coherence was calculated from surface pressure signals using five different microphone spacings, i.e., ∆z/δ 0 = 0, 0.1, 0.13, 0.23, and 0.33. It was found that the effect of transverse jets on the spanwise coherence, and therefore on the spanwise extent of the turbulent structures, is similar for all jet nozzle spacings. Therefore, only the results related to s = 2.5D are presented for brevity. The values of γ 2 z and Λ z (see Figs. 14 and 15) show that the injection of jets can lead to either an increase or a reduction in the spanwise extent of the turbulent length scales, depending on the jet velocity ratio. For r < 1.7, both γ 2 z and Λ z increase at all the frequencies under analysis, suggesting that the multiple jets increase the spanwise extent of the turbulent structures. For the jets operating at higher velocity ratios, r ≥ 1.7, a significant broadband reduction in γ 2 z is observed for ∆z/δ 0 = 0.1 and 0.23, while the spanwise coherence slightly increases for ∆z/δ 0 = 0.33. However, Fig. 15 reveals that jets injection with r ≥ 1.7 can reduce the spanwise length of turbulent structures over all frequencies. Figure 16 presents the far-field noise (S pp ) estimated using Amiet's trailing-edge noise model 7 for an observer location being 1 m above the trailing-edge. As discussed in Sec. II C, the generation of the trailing-edge noise is driven by the product of the boundary layer quantities φ pp and Λ z , and therefore, a reduction in the product of these two terms can result in the attenuation of the far-field trailing-edge noise. The far-field noise results show that the use of jets injection with a velocity ratio of r = 1 can result in the mild reduction in the trailing-edge noise over the whole frequency range under analysis. Increasing the jets injection rate to r = 1.4 leads to a much stronger far-field noise reduction, particularly at low frequencies. This is consistent with the surface pressure data observed in Fig. 11 and also shows that the increase in the spanwise extent of the turbulent structures observed at low frequencies in Fig. 15 does not affect the noise reduction performances of the jets at low injection rates. At higher injection rates (r ≥ 1.7), the far-field noise data show that a strong reduction in trailing-edge noise, of up to 5 dB, can be achieved at low frequencies (f < 1-2 kHz). However, as seen in Fig. 16 , the use of high speed jets can also lead to an increase in radiated noise at high frequencies, which is again consistent with the surface pressure results in Fig. 11 . To summarize, the estimates of far-field noise show that the use of both the low speed and high-speed jets can reduce the far-field noise and can be used in various engineering applications, such as engine or propeller airfoils or wind turbine blades.
IV. CONCLUSIONS
The current work investigates a flow control method for the reduction in trailing-edge noise. An array of inclined transverse jet nozzles with a uniform spanwise distribution is installed on a flat plate rig upstream of a trailing-edge with the aim of controlling the hydrodynamic pressure field associated with the turbulent boundary layer. Simultaneous measurement of velocity with the use of hot-wire anemometry and surface pressure fluctuations using flush mounted microphones is performed at a number of locations downstream of the active flow control treatment. Results are collected at different jet velocity ratios (r), which is the ratio of jet velocity to free-stream velocity. The developing flow pattern was measured for a low (r = 1) and a high (r = 2) jet velocity ratio case. A wide range of jet spacings were also considered.
The turbulence statistics reveal that the interaction between the jets and the boundary layer generates a stable fluid layer characterised by a low energy content. The jet flow associated with the low energy content resulted in the reduction in the surface pressure fluctuation energy exerted on the surface beneath the boundary layer. According to Amiet's model of trailing-edge noise, the product between the power spectra of surface pressure fluctuations (φ pp ) and the spanwise extent of turbulent length scales (Λ z ) is proportional to the far-field noise scattered from the trailing-edge. The pressure-velocity cross-spectral studies revealed that the fluid layer associated with the low energy content decouples the communication between the velocity fluctuations and surface pressure fluctuations, which contributes to the attenuation of the power spectra of surface pressure fluctuations (φ pp ). In particular, the application of jets with lower velocity ratios (r < 1.7) resulted in a broadband reduction in φ pp at the trailingedge, while at higher velocity ratios (r ≥ 1.7), the reduction was more significant at low frequencies with a slight noise penalty at high frequencies. The spanwise extent of the turbulent length scales is also affected by the application of the inclined jets. Jets introduced to the boundary layer with a low velocity ratio (r < 1.7) resulted in a slight increase in the spanwise extent of turbulent structures (Λ z ). When feeding the jets into the boundary layer with a higher velocity ratio (r ≥ 1.7), they were capable of significantly reducing the spanwise extent of turbulent structures (Λ z ). The estimation of far-field trailing-edge noise using Amiet's model revealed that transverse jets at low velocity ratios (r < 1.7) result in a broadband reduction in the radiated noise. At high velocity ratios (r ≥ 1.7), a reduction in far-field noise at low frequencies up to 5 dB was obtained even if the far-field noise was found to increase at high frequencies. Future developments of the present work will involve the measurement of far-field noise to better understand the underlying phenomena responsible for the reduction in trailing-edge noise.
